A new broadband terahertz circular polarizer with a double-helix structure is proposed in this paper. Furthermore, we systematically simulated the performance of single-and double-helix circular polarizers. Our numerical simulation results show that the function regions of double-helical metamaterials are about 50% broader than those of the single-helical metamaterials in terahertz. We also analyzed the dependence of the performance of the singleand double-helix metamaterials on different structure parameters. Following the antenna theory and the metal wire grating theory, proper explanations were given to interpret the changes of performance with various structure parameters and the difference between the single and double helix.
INTRODUCTION
Recently, in the terahertz frequency range, vibrational circular dichroism (VCD) spectroscopy based on the circular dichroism of biological molecules [1] has been of great interest due to its wide application, such as the conformational analysis of proteins [2, 3] , the chirality investigation of pharmaceutical molecules [4, 5] , and the research of the chiral structure, like DNA [6, 7] . To detect such weak VCD terahertz signals, a terahertz polarized modulator is necessary. Some devices have been presented in the terahertz frequency range, such as the photoelastic modulator, the four-contact photoconductive antenna with a total-reflection Si prism device [8] , the optical rectification in a (110)-cut ZnTe crystal [9] , and an electrooptic terahertz emitter (a ZnTe crystal) with an interferometer [10] . However, the narrow function region and hare integration are their major limitations.
In 2009, Gansel et al.proposed a new way to obtain a broadband circular polarizer [11] that remedies these defects well. It is a kind of metamaterial consisting of a gold single-helix array in the infrared range. The specific circular polarized electromagnetic wave is selectively transmitted when its handedness opposes the helix propagating along the helical axis. In contrast, the device will lead to reflection and/or absorption when the handedness of the incident electromagnetic wave is identical to that of the helix.
In this paper, we propose a new broadband circular polarizer with double-helix array in terahertz ranges. We also simulated the performance of the double-and single-helical metamaterials with various structure parameters. From the simulation results, it is clear that the double-helical circular polarizer's function range is even broader than 3 THz, and the single-helical circular polarizer's function range is about 1:5 THz. In addition, we explain the simulation results following the antenna theory and the metal wire grating theory. Figure 1 shows the schematic diagram of the helical circular polarizer used in numerical simulations. The finite difference time domain method was used to design the broadband circular polarizers. In the terahertz range, the metal material of the helical wire proposed here was a perfect conductor [12, 13] . A broadband Gaussian-modulated pulse source was used as the excitation source in the simulations. By using this broadband excitation source, information of all the necessary frequencies could be covered. In the simulation process, both the lefthanded circular polarization (LCP) and right-handed circular polarization (RCP) were used. The metamaterials of lefthanded helical was selected for the following simulations. The boundaries along the X and Y directions were confined with the periodic boundary conditions [14] due to the periodicity of the array structure. The perfectly matched layers [15] were along the Z direction. Figure 2 shows the parameters of helix structure array, which includes the height of the helix period (HH), the radius of the helix (RH), the number of helix periods (NH), the radius of the wires (RW), and the spacings of helix cells (SH). The reference parameters are NH ¼ 3, HH ¼ 35 μm, RW ¼ 3 μm, RH ¼ 7:5 μm, and SH ¼ 30 μm.
SIMULATION MODEL SETUP

SIMULATION RESULTS AND ANALYSIS
A. Influence of Different NH There are two special points in the frequency axis: the low-frequency resonance point (LRP), in which the electrical current has nodes only at the ends of the metal wire in a helix period and the high-frequency resonance point (HRP), which has one additional node in the middle of a helix period [11] .
The helical circular polarizer can be regarded as a helical antenna receiver. From the interaction between electromagnetic waves and helical metal wires, we find that the relationship between the resonance wavelengths and the length of a helix-period wire can be expressed as
where n is NH and C is the length of a helix period wire. According to Eq. (1), it can be found that the HRP and LRP, as special resonance points (when the k ¼ 2n, n), are dependent on C only. Therefore, as Table 1 shows, obvious changes of the HRP and LRP are not found for both the single and double helix with the NH changing, and the function region, the band from HRP to LRP, is unrelated to the NH [14, [16] [17] [18] . For the longer wavelengths (k < n), no further resonances occur for axial propagation. For shorter wavelengths (k > 2n), the diffraction of light will occur [18] . Besides, more helix periods lead to stronger restriction for the RCP because of increased resonances frequencies between the HRP and LRP. On the other hand, more helix periods lead to stronger scatterings for the LCP.
B. Dependence on the HH
The performance of the polarizers with different HH is shown in Fig. 4 . Table 2 shows, the function region of the double-helical polarizer shifts toward lower frequency with increasing HH. Moreover, it is found that the function region of the single-helical polarizer has a similar change, which is quite different from the result in [18] . We give another interpretation that can explain the simulation results of both the double and single helices. As mentioned earlier, the function region depends on the length of a helix period wire C, and the geometry property can be expressed as
Thus, increasing the HH is equivalent to increasing the C, which cause red shifts (the displacement of spectral lines toward lower frequency) of the resonance frequencies. Figure 5 shows the performance of the polarizers with different RH. As Table 3 shows, the single and double helices have a similar change: the LRP and HRP have red shifts with an increase of RH. It is obvious that the increase of RH leads to the increase of C and results in a red shift of the resonance frequencies. Table 4 shows, the function regions of the single and double helices had blue shifts (the displacement of spectral lines toward higher frequency) when the RW changed from 2 to 4 μm. These phenomena can also be explained through Eqs. (1) and (2) . Because the electrical current follows the shortest possible path, the increase of the RW reduces the circle radius of the electrical current in wires (according to RH-RW). It is virtually equivalent to reducing the RH and leads to a blue shift of the function region. (Figs. 7(a) and 7(b) ). The Table 5 shows the simulation results clearly: for a double helix, when the SH increases, the HRP has a red shift and the LRP has a blue shift. Consequently, the function region The effects can be explained as follows: a single-helical structure has only one wire in a helix cell, and the flowing directions of electrical currents are same in each helix cell. There are repulsive forces among the helix cells. The increase of the SH will weaken the repulsive force and expand the circle radius of the electrical current in the wire. Therefore, an increase of SH is equivalent to an increase of the RH, which leads to a red shift of the function region.
C. Varying the RH
However, for a double-helical structure, there are two wires in a helix cell. The directions of the electrical currents in each wire are opposite. One helix cell's wire is close to the other helix cell's wire, which has 180°phase difference. Thus, the attractive force between them will decrease and the electrical current will move inward with an increase of the SH. It is equivalent to a decrease in the RH, which leads to blue shifts of the HRP and LRP. On the other hand, the metal wire grating theory [19] points out that the HRP will have a immense red shift with an SH increase (the SH is equivalent to the distance of metal wire d), which has no effect on the LRP. Since the interaction changes are greater than the internal resonance with the SH varying, the HRP has a red shift and the LRP has a blue shift.
CONCLUSIONS
In terahertz, by systematically simulating the influence of the parameters, including the HH, RH, NH, RW, and SH, of singleand double-helical polarizers on the performance, we concluded that the function region of the circular polarizer with double-helical array metamaterials is even broader than 3 THz, and the single-helical circular polarizer's function range is about 1:5 THz. Because the actions of the helical internal resonance and the interaction between the helix cell are complex, we explained the simulation results following the antenna theory and the metal wire grating theory qualitatively. 
